Rsp5/Nedd4 clears cells of heat-damaged proteins
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Protein quality control systems protect cells from proteotoxicity caused by the accumulation of aberrantly folded polypeptides. The Rsp5 ubiquitin ligase (mammalian homologue Nedd4) is now identified as a major constituent of a clearance pathway that degrades misfolded cytosolic proteins after exposure to heat.
Errors during folding and exposure to harmful conditions may obstruct the structure of proteins and give rise to polypeptides that are trapped in an aberrant conformation. Such malfolded species fail to fulfill their designated function and are prone to aggregation. Protein misfolding threatens health because it causes proteotoxic stress that is associated with conformational pathologies like Huntington and Alzheimer disease 1 . The accumulation of defective polypeptides is sensed by cellular protein quality control systems (PQCs). In eukaryotic PQCs molecular chaperones act in concert with ubiquitin ligases to sequester terminally misfolded polypeptides from intermediates of productive folding and route them toward proteasomal degradation 2, 3 . Therefore, the ability to discriminate folded from structurally defective forms of a protein is an intrinsically important property of PQCs. The activity of ubiquitin ligases appears to fundamentally contribute to this process. Several of these enzymes are involved in cytoplasmic PQCs, but it is poorly understood how they target their substrates. For example, molecular chaperones act as substrate recognition factors of the mammalian ubiquitin ligase CHIP, which facilitates ubiquitylation and degradation of the selected misfolded proteins 4 . By contrast, the yeast ubiquitin ligase San1 directly binds hydrophobic patches exposed on the surface of aberrantly folded proteins. The selection relies on small disordered domains in San1 (ref. 5 ). This ligase may also functionally team-up with molecular chaperones and another ubiquitin ligase, Ubr1, for the elimination of malfolded proteins 6, 7 . Recent work identified the proteasome-associated ligase Hul5 as being involved in protein ubiquitylation following heat shock 8 . How this enzyme targets its substrates is thus far unclear.
In this issue of Nature Cell Biology Thibault Mayor and co-workers introduce another cytoplasmic PQC ubiquitin ligase 9 . They noticed that heat-shocked cells amass much less ubiquitylated material when the yeast ubiquitin ligase Rsp5, or its mammalian counterpart Nedd4, is impaired. This observation indicates that Rsp5 is involved in the disposal of cytoplasmic proteins damaged by heat. The authors recently reported Hul5 as a ubiquitin ligase involved in cytoplasmic heat-shock PQC 8 and therefore continued to investigate the functional relationship between the enzymes. Surprisingly, each ligase seems to target distinct sets of substrates in heatshocked cells. This implies the development of diverging cellular strategies for processing the large heterogeneity of defective proteins that may arise under stress conditions 9 . Moreover, the two ligases employ different types of polyubiquitin chains to label their targets: Hul5 substrates appear to be predominantly decorated with lysine 63-linked chains, whereas Rsp5 clients seem to be modified with lysine 48-linked poly-ubiquitin. This fits Mayor and co-workers' observation that bulk protein turnover following heat shock requires proteasomal activity. However, in vitro studies demonstrate that Rsp5 decorates substrates with mono-or lysine 63-linked poly-ubiquitin and most of the reported functions of this enzyme have been connected with this activity 10, 11 . By assuming the involvement of additional ubiquitin modifying enzymes this potential discrepancy can be solved. Rsp5 may attach single ubiquitin moieties on selected client molecules, which serve as primers for elongation by other ubiquitin ligases (Fig. 1) . Indeed, polyubiquitylation of RNA-polymerase II occurs by such a two-step mechanism with Rsp5 initiating ubiquitylation with mono-ubiquitins, which are then modified with lysine 48-linked poly-ubiquitin by the Elc1-Cul3 complex 12 . Rsp5 is a ubiquitin ligase of the HECTdomain family involved in highly diverse cellular activities including transcription factor activation, regulation of RNA polymerase II and ribosome degradation. Most importantly, Rsp5 is also involved in receptor endocytosis and endocytic sorting. The abundance of membrane proteins at the cell surface is regulated by endocytosis in a signal-or conformational dependent manner. From the endocytic compartment, membrane proteins are either recycled or subjected to proteolysis in lysosomes (or the yeast vacuole) 11 . Mayor and colleagues now provide the exciting insight that the Rsp5-dependent cytoplasmic PQC pathway shares principles of substrate recognition with endocytosis and endosomal sorting. Rsp5 substrates of this pathway typically contain a short stretch of amino acids termed the PY motif, that confers binding to WW-domains in the ligase and thereby provokes their ubiquitylation 11 . Strikingly, the authors discover that a large portion of the Rsp5 heat-shock substrates also harbour sequences reflecting PY or PY-like motifs 9 . Such a PY motif, for example, is located near the dimerization domain of Cdc19, a protein to which Rsp5 binds for ubiquitylation in cells exposed to high temperature. Pyk2, which shares a high degree of sequence similarity with Cdc19 but lacks a PY motif, is not targeted by Rsp5. However, Mayor and colleagues find that insertion of a PY stretch into the corresponding region of Pyk2 facilitates Rsp5-dependent ubiquitylation of Pyk2 following heat exposure. The authors also note that the PY motifs in Rsp5 heat shock substrates are preferentially located in regions that are predicted to be highly structured. It is tempting to speculate that these motifs are usually buried in tightly folded domains and become exposed only when the structural integrity of the proteins is affected (Fig. 2) . Remarkably, a variant of Cdc19 containing a mutation that weakens dimer formation is ubiquitylated by Rsp5 even at only modestly elevated temperatures. This finding strongly implies that at least some cytoplasmic proteins contain internal quality control signals like the PY motif that mediate binding to specific ubiquitin ligases.
Still, many of the Rsp5 heat-shock substrates do not contain obvious PY stretches. Mayor and colleagues demonstrate that Rsp5 can recognize damaged proteins by an alternative mode 9 . Rsp5 is known to team-up with several adaptor proteins that contain PY motifs. These cofactors recruit cargo lacking the PY consensus and thereby regulate the activity of Rsp5 towards appointed substrates 11 . In heattreated cells, the authors observe that Rsp5 rapidly associates with Ydj1, an Hsp40-type cochaperone that contains a PY motif 9 . Further, deletion of YDJ1 or expression of a Ydj1 variant lacking the PY motif impairs the accumulation of ubiquitylated proteins in heat-shocked cells. This observation suggests that Ydj1 assists in the selection of proteins that lose their shape at elevated temperatures, thereby expanding the range of Rsp5 clients. Indeed, variants of Cdc19 that lack the PY stretch are still targeted by Rsp5, however, in contrast to the wild-type protein, Ydj1 is now required for this process.
The data presented by Mayor and colleagues suggest a model in which similar recognition modes account for Rsp5 function in endocytosis of plasma membrane proteins and for its function in elimination of heat-damaged proteins. Conformational changes in Fur4, a high affinity uracil importer, triggers ubiquitylation by Rsp5 and transport to lysosomes 13 . The amino terminal of Fur4 encompasses sequence elements that sense the conformational status of the protein. Strikingly, this domain also contains a putative PY motif, raising the possibility that Rsp5 directly binds to Fur4 in response to structural switches. A topologically related methionine transporter Mup1, which lacks a PY-like stretch, also undergoes Rsp5-dependent internalization. Yet unlike Fur4, the efficient down-regulation of Mup1 relies on Rsp5 adaptor proteins of the Art family 13, 14 .
Internal quality control signals represent an efficient way to integrate ubiquitin ligases into various PQC pathways (Fig. 2) . The so-called N-end rule pathway, for example, has recently been shown to remove orphan subunits of protein complexes once their N-acetylated amino termini are not protected by associated partner proteins 15 . It is also obvious that a convenient positioning of such quality control signals within a protein offers the opportunity to detect existing small aberrations in a protein structure. Mild denaturing conditions are supposed to cause minor defects rather than overall obstructions in the folding of a number of proteins. Such aberrant species are likely to escape detection by PQC ubiquitin ligases like San1 designed to ubiquitylate heavily misfolded proteins. Therefore, this ligase appears not to play a major role in heat-shock-induced ubiquitylation 8 . Rsp5 in contrast seems to be adopted to recognize even slightly heat-denatured proteins. However, following association with the co-factor Ydj1 it may recognize proteins displaying more global features of misfolding.
The mode of ubiquitylation distinguishing the two pathways remains to be unravelled. Rsp5 mounts mono-or short lysine 63-linked ubiquitin chains on substrates, which is sufficient to drive endocytosis. But which enzyme elongates these chains with lysine 48-linked ubiquitin chains in the case of heat denaturation? What is the signal that distinguishes both classes of substrates so that one is further modified while the other remains as it is? Could it be simply a difference in localization of the two classes of substrates? Further experimentation is needed to answer these questions. 
Sugar modification inhibits autophagosome-lysosome fusion
Noboru Mizushima
Autophagy is an intracellular degradation system that is mediated by orchestrated functions of membranes and proteins. A genetic screen in Caenorhabditis elegans revealed that O-linked N-acetylglucosamine modification of the SNARE protein SNAP-29 negatively regulates SNARE-dependent fusion between autophagosomes and lysosomes. This regulatory mechanism is conserved in mammals.
Autophagy is a cellular process that degrades cytoplasmic materials in the lysosome. Of the three or more different types of autophagy, 'macroautophagy' is considered to be the major one and is the best characterized at the molecular level. Macroautophagy (referred to as autophagy hereafter) is mediated by a unique organelle called the autophagosome (Fig. 1) . During the first step (sequestration), a flat membrane sac -called the phagophore or isolation membrane -emerges and enwraps a small portion of the cytoplasm. The phagophore grows via the addition of further membrane to become a sealed, double-membraned autophagosome (typically 0.5-1.5 μm in diameter). The second step is a fusion event between the autophagosome and lysosome, which allows lysosomal hydrolases to degrade sequestered materials inside the autophagosomes. In this issue of Nature Cell Biology, Zhang and colleagues provide additional insight into this fusion step The molecular mechanisms of autophagy have been rapidly elucidated after the discovery of ATG genes in the yeast Saccharomyces cerevisiae by Yoshinori Ohsumi's group 2 . To date, 37 ATG genes have been identified in yeast, approximately half of which are involved in autophagosome formation 3 . Importantly, these ATG genes are highly conserved in other species including mammals and plants 4 ; thus, reverse-genetic approaches have been useful in revealing the function of autophagy or autophagy-related genes in different species and organisms. From these approaches, we know that autophagy is a crucial cellular system required for starvation adaptation through provision of essential nutrients derived from its own macromolecules, and also for maintenance of intracellular quality through elimination of unwanted or damaged proteins and organelles 5, 6 . Recent evidence also suggests connections between autophagy and human diseases such as cancer and neurodegeneration.
Although such reverse-genetic approaches have been used in many organisms, efforts beyond the pioneering yeast studies to identify novel autophagy factors using classical forward genetic techniques have been limited. However, in 2010, Hong Zhang's group identified a set of autophagy-specific genes in C. elegans by a forward genetic screen 7 . Taking advantage of the fact that, during early embryogenesis, maternally inherited protein aggregates termed P granules are selectively degraded by autophagy 8 , their screen identified many mutants that are defective in elimination of the P granule components 7 . As expected, many orthologues of yeast ATG genes were isolated. Genes that are distantly related to ATG genes or have no yeast counterparts are named epg (ectopic PGL granules), which include metazoan-specific genes such as epg-2, -3 (VMP1), -4 (EI24), -5, and -7.
Among these EPG factors, EPG-5 is involved in maturation of autophagosomes and autolysosomes as epg-5-mutant worms accumulate autophagosomes. In contrast to the autophagosome formation step, at which many ATG proteins function, detailed mechanisms of the later maturation and fusion processes remain less clear. Therefore, Zhang and colleagues searched for mutations that reversed the accumulation of autophagy substrates in epg-5-mutant worms, and identified bp815 (ref. 1). In epg-5;bp815 double mutants, clearance of the PGL components is restored.
Subsequent analyses showed that bp815 mutants contain a nonsense mutation in the ogt-1 gene that encodes OGT, which catalyses attachment of O-GlcNAc to the hydroxyl group of serine or threonine amino acids. Zhang and colleagues also show that O-GlcNAcylation is involved in mammalian autophagy: autophagosome-lysosome fusion is accelerated in OGTknockdown HeLa cells 1 . Moreover, abnormal accumulation of p62, a well-known autophagy substrate, in EPG5-depleted HeLa cells can be cleared by simultaneous knockdown of OGT.
